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Cycles of whole-genome duplication (WGD) and diploidization are hallmarks of eukaryotic genome evolution and speciation.
Polyploid wheat (Triticum aestivum) has had a massive increase in genome size largely due to recent WGDs. How these processes
may impact the dynamics of gene evolution was studied by comparing the patterns of gene structure changes, alternative
splicing (AS), and codon substitution rates among wheat and model grass genomes. In orthologous gene sets, significantly more
acquired and lost exonic sequences were detected in wheat than in model grasses. In wheat, 35% of these gene structure
rearrangements resulted in frame-shift mutations and premature termination codons. An increased codon mutation rate in
the wheat lineage compared with Brachypodium distachyon was found for 17% of orthologs. The discovery of premature
termination codons in 38% of expressed genes was consistent with ongoing pseudogenization of the wheat genome. The
rates of AS within the individual wheat subgenomes (21%-25%) were similar to diploid plants. However, we uncovered a
high level of AS pattern divergence between the duplicated homeologous copies of genes. Our results are consistent with the
accelerated accumulation of AS isoforms, nonsynonymous mutations, and gene structure rearrangements in the wheat lineage,
likely due to genetic redundancy created by WGDs. Whereas these processes mostly contribute to the degeneration of a
duplicated genome and its diploidization, they have the potential to facilitate the origin of new functional variations, which,
upon selection in the evolutionary lineage, may play an important role in the origin of novel traits.
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exon-intron structure, and alternative splicing (AS)
define the diversity of proteome structure and function
(Koonin and Wolf, 2010). Multiple studies performed
mostly on diploid species or ancient polyploids sug-
gested that gene duplication plays a major role in
coding sequence evolution (Ohno, 1970; Lynch and
Conery, 2000; Fan et al.,, 2008; Roux and Robinson-
Rechavi, 2011). According to the hypothesis of Ohno
(1970), gene duplications lead to relaxed selection,
which allows duplicated genes to accumulate muta-
tions. The evolutionary fate of redundant genes is de-
fined by selection that can drive beneficial alleles to
fixation, resulting in the creation of novel gene functions
through the processes of neofunctionalization and sub-
functionalization (Ohno, 1970; Hughes, 1994; Force
et al., 1999). Alternatively, genes can become nonfunc-
tional and eventually lost from evolutionary lineages.
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The discovery of paleopolyploidy in most of the
analyzed plant genomes has highlighted the impor-
tance of whole-genome duplication (WGD) in the
evolutionary success of flowering plants (Paterson
et al., 2003; Soltis et al., 2008; Van de Peer et al., 2009).
In ancient polyploids, it was shown that retained
copies of duplicated genes are under selective con-
straint, as estimated from the distribution of the ratio
of nonsynonymous to synonymous mutations (dy/dg)
values (Lin et al., 2010), or they show a high level of
connectivity in gene networks (Severin et al., 2011). In
maize (Zea mays), the probability of gene loss was as-
sociated with the reduced contribution of a duplicated
copy to the total level of gene expression (Schnable
et al., 2011). These facts are consistent with the “gene
balance hypothesis,” suggesting that dosage-sensitive
genes are very likely to be retained after WGD
(Birchler and Veitia, 2007; Freeling, 2009). While these
studies have demonstrated the long-term consequences
of polyploidization, the impact of recent WGD on ge-
nome coding potential is still not fully understood. The
analysis of artificially synthesized polyploid plants
suggests that WGD results in “genomic shock” ac-
companied by structural rearrangements (Kashkush
et al., 2002; Gaeta et al., 2009), activation of transposons
(Kashkush et al., 2003), expression changes (Pumphrey
et al., 2009; Akhunova et al,, 2010), and epigenetic
modifications (Chen et al., 2008; Ni et al., 2009). These
processes can become a source of new transgressive
variation and provide the molecular basis for func-
tional evolution (Osborn et al., 2003; Comai, 2005;
Chen, 2007). Among plant species, wheat (Triticum
aestivum) provides a unique opportunity to study
early phases of duplicated gene evolution after WGD,
the impact of increased genome size on the evolu-
tionary dynamic of gene space, and understand how
these processes shaped the coding potential of the
wheat genome.

The hexaploid wheat genome (comprised of about
16,000 Mb) resulted from the union of three diploid
grass species. The first hybridization event, which
resulted in the origin of tetraploid wheat, occurred 0.36
to 0.5 million years ago (Dvorak and Zhang, 1990;
Dvorék et al., 1993; Huang et al., 2002; Dvorak and
Akhunov, 2005; Chalupska et al., 2008), and the second
hybridization event, which resulted in the origin of
hexaploid bread wheat, occurred about 8,000 years ago
(Kihara, 1944; McFadden and Sears, 1944, 1946; Nesbitt
and Samuel, 1996). Early analyses of EST maps show
that about 20% of wheat genes are interchromosomally
duplicated (Akhunov et al., 2003; Qi et al., 2004).
Comparative analysis of model grass genomes (Interna-
tional Rice Genome Sequencing Project, 2005; Paterson
et al, 2009; Schnable et al., 2009; International Brachy-
podium Initiative, 2010) revealed a more detailed picture
of wheat genome structure evolution involving segmen-
tal duplications, chromosome inversions, translocations,
and small-scale structural rearrangements (Akhunov
et al., 2003; Gu et al., 2004, 2006; Salse et al., 2008; Choulet
et al.,, 2010; Devos, 2010; Mayer et al., 2011; Wicker et al.,
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2011). These studies demonstrated an acceleration of
genome structure evolution in wheat, which also had
an impact on the evolution of the gene repertoire
(Akhunov et al., 2007; Salse et al., 2008; Massa et al.,
2011). However, the impact of these processes on the
dynamics of gene structure evolution in the wheat
genome has not been thoroughly investigated. The
evolution of gene structure in eukaryotes was previ-
ously shown to be associated with exon shuffling,
retroposition, transposon recruitment, or gene fusion
(Long et al., 2003). Studies performed in plant species
with small genomes, such as rice (Oryza sativa; Wang
et al., 2006; Fan et al., 2008) and poplar (Populus spp.;
Zhu et al., 2009), revealed the importance of exon
shuffling and retroposition in diversification of the coding
potential of plant genomes. While recent studies showed
evidence of transposon recruitment in the wheat genome
(Akhunov et al., 2007; Wicker et al., 2011), the role of
other mechanisms in gene structure evolution was not
characterized.

AS is commonly used by eukaryotic organisms to
enhance proteome diversity and regulate transcript
abundance (Ast, 2004; Reddy, 2007). The true scale of
AS in plant genomes began to emerge only recently
with the availability of deep RNA sequencing data.
These studies have predicted that more than 20%
of genes in maize and rice, and more than 40%
in Arabidopsis (Arabidopsis thaliana), undergo AS
(Barbazuk et al., 2008; Filichkin et al.,, 2010; Zhang
et al., 2010). In wheat, only a limited number of genes
have been characterized for AS events (Biga et al.,
1999; Terashima and Takumi, 2009), and the impact of
WGD on AS patterns on a genome-wide scale remains
unknown.

Here, we performed intraspecies and interspecies
comparative analyses of the wheat genome and model
grass genomes to investigate the dynamics of gene
structure, AS, and coding sequence evolution in the
wheat lineage. As part of the International Wheat
Genome Sequencing Consortium effort (www.
wheatgenome.org), we developed a high-density
syntenic map of wheat chromosome 3A (827 Mb) us-
ing 9.2X coverage sequence data generated with 454
sequencing technology. These data were combined
with publicly accessible wheat genomic sequences
from the National Center for Biotechnology Infor-
mation (NCBI) database to analyze the evolutionary
dynamic of gene structure in the polyploid wheat
genome and to describe homeolog-specific patterns of
AS. Developed gene models were annotated and used
to reveal genes that had lost their function due to the
accumulation of premature termination codons (PTCs)
and genes whose codons accumulate nonsynonymous
mutations at accelerated rates. Comparative analysis
of orthologous gene sets between the syntenic regions
of the model grass genomes and wheat was performed
to estimate the rate, and to understand the molecular
mechanisms, of gene structure evolution in wheat. The
gene structure and patterns of AS were compared be-
tween homeologous genes to assess the extent of
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functional differentiation between the wheat sub-
genomes.

RESULTS
Wheat Chromosome 3A Assembly

Out of 25.3 million 454 reads (7.65 Gb), 16.9 million
(5.2 Gb) were assembled into 240,121 large contigs (LC;
500 bp or greater) with a total length of 331 Mb, rep-
resenting 40% of the physical length of chromosome
3A (Supplemental Table S1). The remaining 32% of
reads were not included in the assembly due to having
only partial overlap with contigs (588 Mb), absence of
overlap with any other reads (335 Mb), high copy
number (715 Mb), and/or artifacts such as chimeric
sequences (842 Mb). The reduced level of chromosome
coverage comes from the presence of highly abundant
repetitive elements assembled into short contigs with
deep sequence coverage (Supplemental Fig. S1). The
estimate of N50 (the weighted median value such that
50% of the assembly is contained in contigs equal to or
larger than this value) for LC was 1,692 bp (Table I).
Using paired-end sequence reads, nearly 60% (195 Mb)
of LC were assembled into 38,036 scaffolds with an
N50 size of 6,013 bp (Table I) and a total gap length of
17 Mb. The final data set included both scaffolds (2,000
bp or greater) and LC (not included into the scaffolds)
with a total length of 348 Mb (Table I).

The fraction of targeted chromosomal arms in flow-
sorted material was 86% to 92% (Supplemental Table
S2). We confirmed these estimates by comparing LC
sequences with the sequences of single-copy wheat
ESTs mapped to the deletion bins on wheat chromo-
some 3 (wheat.pw.usda.gov/wEST). A total of 374
ESTs were selected for this analysis, of which 87% had
significant BLASTN hits with chromosome 3A contigs
and scaffolds (alignment length, 100 or greater; iden-
tity, 90% or greater). Comparison of 5,288 ESTs map-
ped to wheat chromosomes other than chromosome 3
showed only 705 significant BLASTN hits, suggesting
that contamination of the flow-sorted material was less
than 13%. The distribution of alignment depth in the
contig assemblies was consistent with genome cover-
age of approximately 7X to 8X (Supplemental Fig. S52).
This coverage is slightly lower than the expected 9.3 X
coverage and can be, at least partially, explained by
contamination from other wheat chromosomes.

There is a possibility that the DNA contamination
would impact the results of downstream analyses due
to the presence of duplicated genes on other chromo-
somes, including homeologous genes on chromosomes
3B and 3D. The divergence of these genes from true
orthologous genes may bias our estimates of the rates
of gene evolution. Assuming that the fraction of
chromosome 3A gene homologs located elsewhere in
the wheat genome is about 14.7% (Supplemental Ma-
terials and Methods S1), we estimated that, in our data
set, about 1.9% of coding sequences could be mistaken
for true chromosome 3A genes. However, we expect
that this bias will likely be low due to the 100-fold
lower level of coverage (0.07X) achieved for the con-
taminating fraction (13%) of the wheat genome in our
sample compared with the 7X coverage obtained for
chromosome 3A (Supplemental Material). The low
level of coverage obtained for contaminating DNA
should reduce the contribution of contaminating reads
to consensus sequences of the chromosome 3A contigs
and the fraction of contaminating gene sequences as-
sembled into contigs longer than 500 bp (Supplemental
Material).

The impact of flow-sorted chromosome contami-
nation on evolutionary inferences should also be re-
duced by selecting syntenic genes sharing positional
orthology among cereal genomes. However, this ap-
proach may also introduce bias in our evolutionary
rate estimates, because it has been shown that posi-
tionally conserved genes may be under stronger se-
lection constraint (Notebaart et al., 2005). In contrast,
transposed orthologous genes were shown to evolve
faster (Han et al., 2009). In our case, gene selection
using positional orthology will most likely result in
an underestimation of evolutionary changes in the
wheat genome, thereby producing more conservative
estimates.

The accuracy of chromosome 3A sequence assembly
was assessed by comparing masked contigs and scaf-
folds with previously sequenced bacterial artificial
chromosome (BAC) clones from the wheat chromo-
some 3A BAC library. A total of 17 BAC clones (total
length of 2,094,375 bp), spanning the region of wheat
chromosome 3A homeologous to the fusarium head
blight resistance gene (Fhb1) locus on chromosome 3B,
were used in the comparison (Supplemental Table S3).
The error rate estimated from this analysis was 0.07%,
caused by small-scale insertions/deletions in the

Table 1. The chromosome 3A assembly statistics

Large Contigs

Scaffolds
(2,000 bp or Greater)

Large Contigs (500 bp or Greater) and Scaffolds

Parameter (500 bp or Greater)
No. of contigs/scaffolds 240,121
No. of bases 330,997,554
Average size (bp) 1,378
N50 size (bp) 1,692
Largest size (bp) 43,015

Ns in gaps (bp) -

38,036 213,660
195,458,009 348,362,074
5,138 1,630

6,013 2,689
69,248 69,248
17,125,261 17,125,261

254

Plant Physiol. Vol. 161, 2013


http://www.plantphysiol.org/cgi/content/full/pp.112.205161/DC1
http://www.plantphysiol.org/cgi/content/full/pp.112.205161/DC1
http://www.plantphysiol.org/cgi/content/full/pp.112.205161/DC1
http://www.plantphysiol.org/cgi/content/full/pp.112.205161/DC1
http://www.plantphysiol.org/cgi/content/full/pp.112.205161/DC1
http://www.plantphysiol.org/cgi/content/full/pp.112.205161/DC1

regions of homopolymeric bases (the most common
source of error in 454 sequence data, followed by single
base errors). This result also suggests that the propor-
tion of errors due to contamination with homeologous
chromosomes 3B and 3D should be relatively low in our
sample. Chromosome 3A assemblies covered about
85% of the repeat-masked portion of the wheat chro-
mosome 3A BAC clones.

Syntenic Gene Order

The chromosome 3A contigs and scaffolds were or-
dered based on the syntenic relationships with Brachy-
podium distachyon, rice, and sorghum (Sorghum bicolor)
using a strategy similar to that used by Mayer et al.
(2011) and described in detail in the Supplemental
Material. The conserved syntenic regions of the three
model grass genomes were used to recreate a hypo-
thetical order of genes along wheat chromosome 3A (Fig.
1A). A total of 3,646 chromosome 3A contigs/scaffolds
were ordered to construct the chromosome 3A syntenic
gene order (SGO) map (Supplemental Table S8). The
order of genes inferred using the grass genome synteny
was largely consistent with the recombination-based
single-nucleotide polymorphism (SNP) genetic map of
Aegilops tauschii, the diploid D-genome progenitor of
polyploid wheat (Luo et al., 2009; Supplemental Fig. S7).
The SGO map, based on conserved orthologous gene
sets, provides a robust framework for investigating
the evolutionary relationships of 3A with other ce-
real genomes (Fig. 1) and among wheat chromosomes
(Supplemental Table S9; Supplemental Fig. S8). In ad-
dition, the selection of syntenic genes reduces the im-
pact of flow-sorted chromosome contamination on
evolutionary inferences made in our study.

Comparison of bin-mapped wheat ESTs with the
genes from the 3A SGO map revealed 249 unique
BLASTN hits detecting 10 segmental duplications

A = chromosomal bins = » B
enriched for BLASTN hits

B ancestral duplications
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involving chromosome 3A and other groups of wheat
chromosomes (Supplemental Table S9). There were
three duplicated blocks on the chromosome combina-
tion w3-w1, two on w3-w2, three on w3-w5, and two
on w3-w7 (Supplemental Fig. S8). Five of the detected
duplications are new, and five have been described
previously (Salse et al., 2008). Except for the ancient
w3-wl duplication shared between wheat and rice, all
the duplicated regions occurred in the wheat lineage.
All were shared among the three homeologous chro-
mosomes of each group, suggesting that these dupli-
cation events originated before the split of diploid
wheat ancestors.

We also used the SGO map to detect the centromeric
region of chromosome 3A. We identified 510 SGO
contigs/scaffolds mapped to the 3AS arm and 858
SGO contigs/scaffolds mapped to the 3AL arm. Eighty-
two contigs and scaffolds, starting with SGO1163 and
ending with SGO1394, mapped to either of the chro-
mosome arms and spanned 10 Mb on the homeologous
region of rice chromosome 1 (Supplemental Table S10).
We further refined the location of the centromere using
wheat ESTs (BF485348, BE637878, BG313557, and
BE404580) previously used for comparative analyses
of centromere locations in wheat, rice, and B. dis-
tachyon (Qi et al., 2010). Based on this analysis, the
location of the centromere on wheat chromosome 3A
was further reduced to a region flanked by SGO1221
and SGO1367, which corresponds to a homeologous
7.7-Mb region in the rice genome (Fig. 1B).

Evidence-Based Gene Prediction

Evidence-based annotation of gene exon-intron
structure was performed using contig assemblies,
including chromosome 3A contigs generated in our
study and 371 BAC contig sequences available in the
NCBI database (Supplemental Table S11). The latter

Figure 1. Comparative analysis between wheat
chromosome 3A and the sequenced genomes of
B. distachyon, rice, and sorghum. A, Comparison
of the wheat chromosome 3A SGO map (Ta3A)
with sorghum chromosomes 3 and 9 (Sb3 and
Sb9), rice chromosomes 1 and 5 (Os1 and Os5),
and B. distachyon chromosome 2 (Bd2). Ances-
tral chromosome duplications predating the di-
vergence of wheat, rice, B. distachyon, and
sorghum are colored in blue; chromosomal bins
enriched for BLASTN hits with chromosome 3A
contigs are colored in orange. B, Location of the
wheat chromosome 3A centromere was inferred
by BLASTN comparison of SGO with the 454
reads generated for flow-sorted 3AS and 3AL
chromosomal arms. The locations of two chro-
mosome 3A contigs on the SGO map (SGO1221
and SGO1367) showing similarity to previously
mapped EST markers flanking the wheat centro-
mere are shown.

3AS

centromere

3AL
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data set included 12 and 24 contigs originating from
chromosome 3B (Choulet et al., 2010) and 3D (Bartos
et al., 2012), respectively, combined with contigs dis-
tributed across the wheat genome. The total length of
the BAC contigs was 50.3 Mb, out of which 17.9 and
1.6 Mb represented sequences from wheat chromo-
some 3B (Choulet et al., 2010) and 3D (Bartos et al.,
2012), respectively. The length of the wheat contigs
varied from 20 kb to 3.1 Mb.

For predicting gene models in the wheat genome, we
used only those transcript sequences (Supplemental
Table S12) that met the similarity threshold (98.5%)
established for separating homeologs (for details, see
“Materials and Methods”). Assessment of previously
published data for the distribution of intergenomic se-
quence similarity levels in the genic regions of the
wheat genome (Akhunov et al., 2010) suggests that this
threshold can separate wheat homeologs with 94.3%
accuracy (Supplemental Materials and Methods S1).
The remaining 5.7% of predicted genes could result
from erroneously aligned transcripts caused by low
levels of intergenomic divergence. A total of 6,366
complete or partial gene structures were predicted on
chromosome 3A contigs (Table II). The average sizes of
predicted introns (131 bp) and exons (171 bp) were also
similar to previous estimates obtained by BAC sequenc-
ing (Choulet et al.,, 2010), suggesting that predictions of
intron-exon structure using chromosome 3A assemblies
do not result in biased estimates. By aligning 31,292
transcripts to wheat BAC contigs distributed across the
wheat genome, we detected 1,049 genes, out of which 391
and 91 were predicted on the wheat chromosome 3B and
3D contigs, respectively (Table II).

AS in the Polyploid Wheat Genome

AS is one of the major mechanisms used by eukary-
otes to increase transcriptome and proteome diversity.
We used extensive transcriptome sequence data as-
sembled into homeolog-specific transcripts to gain in-
sights into the patterns of AS in the polyploid wheat
genome (Table III; Supplemental Fig. S9). The use of
454 sequence data obtained from normalized comple-
mentary DNA (cDNA) libraries should ensure deep
sampling of unique alternatively spliced transcripts in
the genome. More than 24% of genes predicted on
wheat chromosomes 3A, 3B, and 3D showed evidence
of AS (Table III). Only a slightly lower fraction of AS

events (21%) was predicted in a sample of BAC clones
distributed across the wheat genome, suggesting that
trends observed on wheat chromosomes 3A, 3B, and
3D do not depart dramatically from that of the whole
genome.

Consistent with observations in other plant systems
(Barbazuk et al., 2008; Lu et al., 2010; Marquez et al.,
2012), the major classes of AS variants in the wheat
genome were retained intron (RI; 30%-37%) and al-
ternative acceptor (AA; 26%—43%) variants, followed
by alternative donor (AD; 22%-28%) and skipped exon
(SE; 4%-7%) spliced variants. In the majority (91%) of
cases, intron retention in wheat resulted in PTCs.

Evolution of AS Forms

Although previous studies demonstrated that, in
most cases, duplicated copies of genes in polyploid
wheat are expressed (Nomura et al., 2005; Bottley and
Koebner, 2008; Akhunova et al., 2010), the degree of
AS pattern similarity between them remains unknown.
We estimated AS divergence using a set of 86 and 20
homeologous gene pairs identified between wheat
chromosomes 3A and 3B (Choulet et al., 2010) and 3A
and 3D (Bartos et al., 2012), respectively. Even con-
sidering a 5.7% false-positive rate in homeologous
transcript alignment, the wheat genomes showed
substantial levels of AS divergence. Among identified
gene pairs, 33 (37%) and eight (40%) showed evidence
of AS in the 3A-3B and 3A-3D genome comparisons,
respectively (Table IV; Supplemental Table S13). We
found that 39%, 28%, 28%, and 5% of AS events in the
3A-3B comparison, and 32%, 39%, 21%, and 7% of AS
events in the 3A-3D comparison, belong to RI, AD,
AA, and SE types, respectively (Table 1V). The propor-
tion of the AS events different between the homeologous
gene pairs in the 3A-3B and 3A-3D comparisons was
42% and 61%, respectively. The divergence between
the wheat genomes was highest for RI events and
smallest for AD events.

Previously, it was shown that the depth of sequence
data impacts the probability of recovering AS events
(Barbazuk et al., 2008). To assess the possibility of this
type of bias in the estimation of AS divergence be-
tween homeologs, we compared the proportion of AS
events between shared and homeolog-specific AS iso-
forms that are supported by a single EST/transcript.
We found that these proportions among homeolog-

Table Il. Summary of gene prediction using the PASA pipeline

Parameter 3B° 3D* Whole-Genome Sample®
Total transcript sequences 1,097,184 8,945 1,138 31,292
No. of transcripts with any alignment 268,190 6,197 1,072 31,118
Valid GMAP alignments 60,301 2,715 531 22,006
No. of subclusters (genes) 391 91 1,049

“Sequences of BAC contigs from wheat chromosomes 3B (Choulet et al., 2010) and 3D (Bartos et al.,
2012). bSequences of BAC contigs downloaded from the NCBI database.
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Table Ill. Analysis of AS in the wheat genome

454 Assemblies

Events Whole-Genome Sample
3A 3B 3D
Involved in AS 1,912 (24.8) 118 (24.8 27 (24.3) 235 (20.9)
AA 686 (35.9) 1(43.2 7 (25.9) 66 (28.1)
AD 447 (23.4) 3 (28.0 6 (22.2) 62 (26.4)
RI 636 (33.3) (37 3 8 (29.6) 84 (35.7)
SE 117 (6.1) 5 (4. 2(7.4) 15 (6.4)

specific (7%) and shared (5%) AS events were similar,
suggesting that the depth of sequencing did not have
significant impact on our estimates of AS divergence
between the wheat genomes.

Next, we compared the level of AS conservation
observed in our study with previous estimates of AS
conservation between rice and Arabidopsis (Wang and
Brendel, 2006). Using a similar approach applied to
643 wheat-rice orthologous gene pairs, we identified
2,292 introns. Out of these gene pairs, 264 and 239
were alternatively spliced in wheat and rice, respec-
tively. Among the 232 conserved introns identified in
these genes, only 19 (8%) showed the same type of AS
in both rice and wheat. Intron retention was the most
conserved type of AS event between rice and wheat,
with only 5% of the genes showing intron retention in
both rice and wheat (Table V). This estimate is two
times lower than that obtained for Arabidopsis and
rice (Wang and Brendel, 2006).

Evolution of Gene Structure

To investigate the dynamics of gene structure evo-
lution in the polyploid wheat genome, we compared
protein sequences of orthologous genes between
wheat, B. distachyon, and rice (Fig. 2A). A total of 1,059
orthologous gene pairs between wheat chromosome
3A and rice, and 839 orthologous gene pairs between
wheat chromosome 3A and B. distachyon, were ana-
lyzed (Fig. 2B; Supplemental Table S14). In addition,
patterns of gene structure conservation and divergence
were characterized between homeologous genes on
wheat chromosomes 3A, 3B, and 3D and among orthol-
ogous gene sets identified in a sample of sequenced BAC
clones distributed across the wheat genome and model
genomes. Of 958 genes that were predicted in
the wheat BAC clones, we identified 169 rice and 194
B. distachyon orthologs. Of the 391 genes predicted in

wheat chromosome 3B BAC contigs, 86 had homeol-
ogous copies on wheat chromosome 3A, and out of 91
genes predicted in the chromosome 3D BAC contigs,
20 had duplicates on wheat chromosome 3A.

The proportion of lost and acquired exonic sequences
was higher in wheat-rice and wheat-B. distachyon com-
parisons than in rice-B. distachyon comparisons (Fig. 2B).
This trend was consistent among all three sets of or-
thologous genes predicted in wheat chromosomes 3A,
3B, and 3D and a sample of BAC clones distributed
across the wheat genome. There was an average of 2.5
times fewer acquired exons and five times fewer lost
exons discovered by comparing rice with B. distachyon
than by comparing wheat and either of the two model
genomes. Consistent with this observation, the pro-
portion of conserved exons between rice and to B.
distachyon was from 25% to 37% higher than that in
wheat-rice and wheat-B. distachyon comparisons (Fig.
2B). The distribution of exon loss and acquisition events
along the wheat genes was similar. The means of relative
locations of exon acquisition and loss events along the
coding sequence (from 0 to 1), estimated according to
Fawcett et al. (2012) by dividing the distance of an event
from the 5’ end by the total length of coding sequence,
were 0.43 and 0.38, respectively.

We identified 68 genes that contained 130 acquired
exons (length of 30 bp or greater) specific to the wheat
lineage (Supplemental Table S15). In a randomly se-
lected sample of 36 acquired exons, 72% were con-
firmed by reverse transcription PCR (Supplemental
Table S16). Searches of the NCBI database revealed
that only 17 exons had 51gmf1cant BLASTN hits to
coding sequences (E value < le '%), suggesting that
about 13% of genes in the wheat genome could have
evolved by exon shuffling. Most of these exons were
found only in the Triticeae lineage and showed sim-
ilarity to barley (Hordeum vulgare) or wheat ESTs/
cDNAs. Nine of the acquired exons were similar to

Table IV. Comparison of AS types between duplicated gene pairs on homeologous chromosomes 3A, 3B,

and 3D
3A-3B Comparison 3A-3D Comparison
AS Types
Count in 3B Count in 3A  Different AS Events Count in 3D Count in 3A  Different AS Events

AD 14 10 5 8 3 4
AA 15 9 11 1 5 4
RI 19 14 19 6 3 9
SE 3 1 1 1 1 0
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Table V. Conservation of AS events in wheat and rice genes

AS Type Conserved Introns® Conserved Events”
AD 2 0
AA 28 8
SE 0 0
RI 216 11
Total 232 19

“Conserved introns correspond to the number of introns that are
conserved between wheat and rice and show the indicated AS type
in wheat (not necessarily in rice). bConserved events correspond to
the number of conserved introns with the same AS type in both wheat
and rice.

transposons in the Triticeae Repeat Sequence Database
and/or Genetic Information Research Institute repeti-
tive databases, suggesting that 7% of exons might have
originated by the recruitment of transposable elements
(Supplemental Table S17).

Comparative analysis of gene exon-intron structure
revealed that out of 1,975 wheat genes, 168 (8.5%) were
subjected to loss of intronic sequences that were oth-
erwise present in the orthologous genes of the model
genomes. Sixteen out of 168 genes (10%) were from
nonsyntenic regions. Among these genes, 105 (63%)
contained PTCs and, therefore, were considered to be
pseudogenes. The potential mechanism for the origin
of these genes could be retroposition, during which a
copy of a parental gene is reverse transcribed and
inserted into a new genomic location (Wang et al.,
2006; Kaessmann et al., 2009).

To determine the extent of structural divergence be-
tween homeologous copies of wheat genes, we compared
a set of 86 and 20 gene pairs between chromosomes 3A
and 3B and chromosomes 3A and 3D, respectively. In
spite of the recent divergence between the wheat ge-
nomes (approximately 2.7 million years ago), these genes
demonstrated a remarkable level of structural divergence
(Fig. 2B). The proportion of lost and acquired exonic se-
quences between 3A and 3B (1.5 and three times higher,
respectively) and 3A and 3D (6.5 and 5.3 times higher,
respectively) was higher than that observed in the rice-
B. distachyon comparison. The proportion of conserved
exons between 3A and 3B and between 3A and 3D, re-
spectively, was nearly two and 1.7 times higher than that
between wheat and the model grass genomes.

Rates of Coding Sequence Evolution in Syntenic Regions
of Grass Genomes

Redundancy created by polyploidy can change the
dynamic of coding sequence evolution by relaxing se-
lection and providing opportunities for the accumula-
tion of new mutations that may impact gene function.
Here, we used two complementary approaches to assess
the rates of coding sequence evolution in the wheat
genome. First, we assessed the dy/dg rates from pairwise
comparisons of 1,022 orthologous sets of genes to
identify genes showing evidence of directional selection
(dy/ds > 1; Yang and Nielsen, 2000). The overall dis-
tribution of dy/dg values in the three possible pairwise
comparisons among wheat, rice, and B. distachyon was

B
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Figure 2. Proportion of alternative and conserved coding segments between wheat and the model genomes. A, Classification of
coding segments used for comparison of gene exon-intron structure among wheat, rice, and B. distachyon. Only the wheat-rice
comparison is shown. The protein isoforms of rice or B. distachyon were aligned to orthologous gene models in wheat. Dif-
ferences in exon-intron structure in these pairwise comparisons were referred to as coding segments. Thus, each exon in our
analysis was represented by a combination of several coding segments. Coding segments that were present in both compared
orthologs were referred to as constitutive coding segments; coding segments that were present in only one of the two compared
orthologs were referred to as alternative coding segments. The following categories of minievents resulting in gene structure
changes were recorded: conserved exons (CE), acquired exons (AE), and lost exons (LE). Both AE and LE correspond to alter-
native coding segments; CE corresponds to a subset of constitutive coding segments. B, The proportion of AE, LE, and CE
between the compared genes, relative to the total number of coding segments, was used to assess the level of gene structure
conservation among orthologous genes of wheat (W), B. distachyon (B), and rice (R). Gene structure evolution was compared
between wheat chromosome 3A and model genomes (3A versus R, 3A versus B), between two model grass genomes (B versus
R), between a set of wheat genes located on other chromosomes (non-3A) and model genomes (W versus R, W versus B), and
between homeologous genes on wheat chromosomes 3A, 3B, and 3D (3A versus 3B, 3A versus 3D).
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similar and showed no statistically significant differ-
ences according to a nonparametric Wilcoxon rank-sum
test (Fig. 3A). The estimates of dy/dg among pairwise
comparisons were highly correlated (Spearman rank
correlation = 0.82-0.91, P < 2.2e™'®), suggesting that
the rates of mutations at synonymous and non-
synonymous sites were gene specific (Fig. 3D). Only
four genes in the wheat lineage (casein kinase I isoform
6-like, rhomboid family protein, tetratricopeptide repeat
protein5-like, and ABC transporter C family) had 4/
dg > 1 (Supplemental Table S18). BLASTN analysis
(similarity, 80% or greater; alignment length, 100 bp or
greater) did not detect duplicated copies of these genes
on chromosome 3A. Analysis of protein sequences of
these genes revealed an accumulation of lineage-specific
amino acid changes in wheat, consistent with an in-
creased dy/dg ratio. No PTCs were detected in the
aligned portions of coding sequences.

To investigate the relationship between the chro-
mosomal position of a gene and the rate of accumu-
lation of nonsynonymous mutations, we analyzed the
distribution of the dy/dg ratio along wheat chromo-
some 3A by plotting average d\;/dg ratios calculated in
a sliding window of five genes. High variation in d/dg
estimates was found along chromosome 3A, with only
two chromosomal regions showing elevated dy;/dg. One
of these regions was located on the short arm and an-
other one in the pericentromeric region of wheat chro-
mosome 3A (Fig. 3D). Only one gene (tetratricopeptide
repeat protein5-like) in the pericentromeric region had
dy/dg > 1.

Evolution of Genes in a Polyploid Genome

At the early stages of polyploid evolution, it is
probable that many genes can become expressed
pseudogenes whose function is impaired by an accu-
mulation of PTCs. To test this possibility and estimate
the frequency of nonfunctional expressed genes in the
wheat genome, we identified orthologous open read-
ing frames (ORFs) for 1,085 wheat transcripts by per-
forming reciprocal BLASTN comparisons and selecting
best hits (greater than 60% of cumulative identity per-
centage and greater than 70% cumulative alignment
length percentage) in the syntenic regions of rice and
B. distachyon genomes (for details, see Supplemental
Material). Thirty-eight percent of these transcripts
contained PTCs, suggesting that they are processed
pseudogenes. No correlation was found between the
occurrence of PTCs and upstream homopolymeric re-
peats (greater than 5 bp; Supplemental Material), sug-
gesting that overcall/undercall errors prevalent in 454
data were not the major source of PTC origin. About
36% of genes on 3B and 3D homeologs have PTCs,
which is similar to what we found on chromosome 3A.

The distribution of PTCs in orthologous sets of genes
was compared with the distribution of exon loss/
acquisition (LE/AE) events and d,;/dg estimates. Struc-
turally rearranged genes tended to have more PTCs (56
out of 162) than genes that have not undergone LE/AE
(53 out of 860) in the wheat lineage (x> test, P < 0.001).
Most of the PTCs were due to frame-shift mutations.
After correcting for frame shift, only 11% of genes still
showed PTCs, which is comparable to 9.7%, the pro-
portion of PTCs in genes that showed no exon gain or
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Figure 3. Evolution of coding sequences in the wheat genome. A, Distribution of pairwise estimates of d/ds in a set of
orthologous genes from wheat (W), B. distachyon (B), and rice (R). B, H, and H, are null (codon mutation rates in the wheat and
B. distachyon lineages are equal; v = v2) and alternative (codon mutation rates in the wheat and B. distachyon lineages are
different; v1 # v2) hypotheses, respectively; v1 and v2 are expected codon mutation rates in wheat and B. distachyon, re-
spectively. C, Log, ratio of codon mutation rates in the wheat (v1) and B. distachyon (v2) lineages estimated for an orthologous
set of 986 genes (Supplemental Table S19). The significance threshold (P = 0.05) is shown by the red dashed line. D, Distri-
bution of d\/d; estimates, PTCs (blue bars), and LE/AE events (red bars) along wheat chromosome 3A. The 95th percentile of
d\/dj ratio distribution in a window of five genes (dashed lines) was calculated by permutation (see “Materials and Methods”).
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loss. No significant differences in pairwise dy/dg esti-
mates were found between gene sets grouped according
to the presence/absence of PTCs (Wilcoxon rank sum
test, P > 0.1) or LE/ AE events (Wilcoxon rank sum test,
P > 0.05). The majority of structurally evolved genes did
not show evidence for relaxation of selection; dy/dg es-
timates of only 3.8% of these genes were higher than 0.5.

To gain better insights into the evolutionary dy-
namics of coding sequences in the wheat genome, we
compared the rates of codon evolution along the wheat
and B. distachyon lineages using rice as an outgroup
(Fig. 3, B and C). The codon evolution models allow for
explicit modeling of the evolution of a protein se-
quence by considering codons as units of evolution
while taking into account changes in synonymous and
nonsynonymous sites (Muse and Gaut, 1994) rather
than separately estimating substitution rates at the
single nucleotide level (Fig. 3B). The relative rate test
included a set of 986 orthologous triplets of genes from
B. distachyon, rice, and wheat. Among these sets, 191
showed statistically significant differences (P = 0.05) in
the rate of codon evolution (Supplemental Table 519),
out of which 167 (87%) showed increased codon mu-
tation rates in the wheat lineage compared with that in
B. distachyon [log,(v1/v2) > 0; Fig. 3C]. This estimate,
even taking into account the 1.9% probability of in-
cluding nonorthologous genes into the analysis due to
contamination, is still substantial. On average, the co-
don mutation rate was 1.4 times higher in wheat than in
B. distachyon. The Gene Ontology annotation of genes
with elevated rates of nonsynonymous substitutions
showed that the majority did not have a specific func-
tion assigned in the Gene Ontology database. Those
that could be classified (48 genes) belonged to various
biological processes. Interestingly, out of the 15 genes
that could be classified into Gene Ontology categories
according to their biological functions, six were protein
kinase members.

DISCUSSION

We analyzed evolutionary processes that can impact
the coding potential of the recently originated poly-
ploid wheat genome through modifications of gene
structure, coding sequence, and AS. More than 370 Mb
of wheat genomic sequence was analyzed to predict genes
by aligning homeolog-specific transcript assemblies. More
than 6,600 complete and partial gene structures were
predicted in chromosome 3A contig assemblies. Com-
parative genomics was used to establish syntenic rela-
tionships between wheat chromosome 3A and model
grass genomes and to build a framework for the evo-
lutionary analysis of coding regions. Even though a
detectable level of contamination from other wheat
chromosomes was found in the flow-sorted 3A mate-
rial (up to 13%) and errors for separating homeologous
transcripts (5.7%) can introduce some bias in our
evolutionary rate estimates, our results suggest that
coding regions of the wheat genome have undergone
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complex historical changes and that the size of the
wheat genome and polyploidy are important factors to
consider for understanding its dynamic evolution.

Expansion of genome size in the Triticeae lineage
associated with the proliferation of repetitive elements
has impacted not only the large-scale structural orga-
nization of the wheat genome (Gu et al., 2006; Choulet
et al., 2010; Massa et al., 2011) but possibly has had a
significant impact on gene structure evolution. A high
frequency of long terminal repeat transposons in the
wheat genome showing evidence of recent activity
(Charles et al., 2008; Choulet et al., 2010) may have
substantially accelerated the rate of retrogene origin.
Our results are consistent with this possibility and are
also supported by the earlier discovery of new genes in
the wheat genome whose origin could be linked with
transposon activity (Akhunov et al., 2007; Choulet
et al.,, 2010; Wicker et al., 2010). Other studies also
demonstrated that transposon activity could result in
the origin of new genes (Lal et al., 2003; Wang et al.,
2006; Zhu et al., 2009).

The high frequency of gene structural rearrange-
ments in the wheat genome can be explained by the
interplay of two other factors: the relaxation of selec-
tion resulting from WGD, and selection on dosage-
sensitive regulatory pathways or gene complexes.
According to the “gene balance model” (Birchler and
Veitia, 2007; Freeling, 2009), dosage-insensitive genes
have a tendency to deteriorate over time through the
accumulation of deleterious mutations, whereas dosage-
sensitive genes are subjected to purifying selection and
tend to be retained. These predictions are consistent
with findings that genes showing a higher connectivity
level in networks (Severin et al., 2011), or contributing
more to gene expression (Schnable et al., 2011), tend to
be retained in ancient polyploids. In our study, selec-
tion against gene structure modifications was evident
in the diploid model genomes, which showed a re-
duced number of LE/AE events compared with the
wheat genome. This suggests that polyploidy can
contribute to the increased accumulation of nonfunc-
tional structural variants of genes. Similarly, our finding
that 38% of expressed genes in the wheat genome
contain PTCs supports the relaxation of selection hy-
pothesis. The high incidence of PTCs among structur-
ally rearranged genes and retrogenes, as well as the
preferential loss of exonic sequences, are indicative of
the relaxation of selection and ongoing degeneration of
duplicated genes in the wheat genome. This is in con-
trast to the finding that only 27% of retrogenes in the
diploid rice genome are processed pseudogenes (Wang
et al., 2006). It is possible that during early stages of
polyploid evolution, the accumulation of new structural
variants occurs almost neutrally. At the later stages of
evolution, when most of the genome becomes diploi-
dized, functional constraints on structural variants of
genes increase, resulting in the preferential retention of
functionally active genes.

Relaxation of selection in the wheat genome is consis-
tent with results from the relative rate test, which showed
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an accelerated accumulation of nonsynonymous muta-
tions in the wheat lineage. An accelerated rate of codon
evolution was observed for 19% of genes in either the
wheat or B. distachyon lineage, suggesting significant
levels of heterogeneity in the rates of gene evolution
across the syntenic regions of grass genomes. No obvious
effects of wheat chromosomal position or gene function
were observed upon rates of codon evolution. According
to the results of dy;/dg estimates, which showed a strong
correlation among the three possible pairwise genome
comparisons, variation in the rates of nonsynonymous
mutations seems to be defined by gene-specific functional
attributes. The differences in codon mutation rates along
the B. distachyon lineage also suggest that genes in diploid
genomes are under stronger selective constraint than
those in polyploid genomes. Certainly, we cannot ex-
clude the possibility that some of the differences in co-
don mutation rates between the B. distachyon and wheat
lineages were caused by an accelerated rate of mutation
in the wild diploid ancestors of wheat. However, our
previous analysis of mutation rates in diploid and
polyploid wheat suggests that the majority of non-
synonymous mutations are associated with polyploid
wheat evolution (Akhunov et al., 2008).

Estimates of AS obtained for each wheat subgenome
using homeolog-specific alignments were within the
range (25%—42%) previously predicted for the rice,
Arabidopsis, and B. distachyon genomes (Campbell
et al., 2006; Wang and Brendel, 2006; Filichkin et al.,
2010). Consistent with previous studies, the dominant
type of AS event in wheat was intron retention, fol-
lowed by alternative donor and acceptor splicing
events (Campbell et al., 2006; Wang and Brendel, 2006;
Barbazuk et al., 2008). Similar to other plant systems,
exon skipping represented only a small (4%—6%)
fraction of AS events (Wang and Brendel, 2006), and
intron retention mostly (91%) resulted in premature
stop codons (Filichkin et al., 2010). It is suggested that
the majority of transcripts resulting from this type of
AS are targeted by the nonsense-mediated decay and
regulated unproductive splicing and translation path-
ways, which play an important role in the regulation
of functional transcript levels (Lewis et al., 2003;
Maquat, 2004).

Comparative analysis of AS patterns between the
wheat genomes revealed a significant number of new
transcript isoforms in duplicated genes acquired since
divergence from a common ancestor. Previous studies
demonstrated the interdependence of gene duplication
and AS (Roux and Robinson-Rechavi, 2011) and sug-
gested that neutral processes associated with the re-
laxation of selection can drive the accumulation of new
splice isoforms in duplicated genes (Lev-Maor et al.,
2007). Fast changes in RI splice variants previously
reported for polyploid Brassica spp. (Zhou et al., 2011)
suggest that WGD may have a substantial impact on
the divergence of AS patterns between the homeologs.
It is possible that WGDs in wheat have contributed to
transcriptome diversity not only by combining tran-
scriptomes of diverged diploid ancestors but also by
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relaxing functional constraints on AS. Thus, even
though we do not see significant differences in the
level of AS in each individual wheat homeolog, the
divergence of AS between duplicated genes (42%-—
61%) can increase the overall transcript isoform di-
versity in the polyploid genomes.

By analyzing AS conservation using the approach
developed by Wang and Brendel (2006), we obtained
results that were similar to those observed in a rice-
Arabidopsis comparison, where only 8% to 9% of
conserved introns had the same type of AS events in
both wheat and rice. In spite of a higher divergence
time between rice and Arabidopsis (130 million years
ago) than between rice and wheat (40 million years
ago), we observed a similar level of AS conservation.
This could be a consequence of the approach used to
predict the conserved AS events; by selecting conserved
introns, we may have enriched our sample for genes
with AS events that are using evolutionarily conserved
mechanisms of gene expression regulation (Lewis et al.,
2003; Maquat, 2004). Another possibility is that the
majority of AS events in plants are selectively neutral
and their fate is defined by stochastic evolutionary
processes, while only 8% to 9% of AS events are in-
volved in biologically important functions and, there-
fore, are widely conserved throughout diverged plant
lineages. Alternatively, the rate of gene space evolution
in the wheat genome may be accelerated due to poly-
ploidy or high repetitive DNA content, which, in turn,
can result in a faster rate of AS evolution.

CONCLUSION

In conclusion, it seems that neutral processes largely
define the evolution of the wheat genome coding re-
gions. It is likely that genetic redundancy created by
WGDs allows for an accelerated accumulation of AS
isoforms, nonsynonymous and PTC mutations, and
gene structure rearrangements leading to the degen-
eration of duplicated gene complements. Even though
these processes mostly contribute to genome diploid-
ization, they have potential to accelerate the origin of
new functional variation, providing raw material for
selection. Therefore, it is plausible that a high level
of polyploid genome plasticity may have played an im-
portant role in broadening both genetic and phenotypic
diversity in wheat. It will be of great interest to investi-
gate the contribution of the molecular processes described
in our study to the origin of new variants of genes and to
assess their importance in phenotypic evolution in the
context of crop domestication and improvement.

MATERIALS AND METHODS

Sequencing of Flow-Sorted Chromosomal DNA
and Assembly

The chromosome 3A double ditelosomic lines in the genetic background of
wheat (Triticum aestivum ‘Chinese Spring’) were used to isolate chromosome arm
3AS- and 3AL-specific DNA by flow sorting (Kubaldkové et al., 2002; Dolezel
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et al,, 2007). In addition to flow-sorted chromosomal DNA, single-read se-
quencing was performed for a set of 2,743 BAC clones distributed among 1,104
BAC contigs assembled using the high information content fingerprint data
obtained for 190,464 BAC clones from wheat chromosome 3A (http://wggrc.
plantpath.ksu.edu/wheat/3A/3A_index.html). All genomic libraries were se-
quenced using 454 Titanium chemistry in the Kansas State University Integrated
Genomics Facility (www ksre.ksu.edu/igenomics). The combined data set gen-
erated for the flow-sorted chromosome arms and BAC clones corresponded to
9.3X coverage of wheat chromosome 3A (Supplemental Table S1; NCBI acces-
sion no. SRA045666). More detailed description of a sequencing protocol and
assembly parameters can be found in the Supplemental Material.

Predicting Exon-Intron Structure

The evidence-based prediction of exon-intron structure in wheat contigs
was performed using wheat transcriptome sequence data, which comprised 454
sequence data (http://wheatgenomics.plantpath.ksu.edu/snp/; SRA048705),
full-length cDNA sequences (http:/ /trifldb.psc.riken.jp/index.pl), and wheat
ESTs from the NCBI database.

The 454 transcriptome data generated for eight wheat cultivars, consisting of
about 5.8 million reads, was assembled using MIRA software (version 3.03).
This program uses an iterative sequence assembly approach that can refine
contig assemblies after each iteration step by putting reads that contain mu-
tations consistently differentiating them from the rest of the reads in a contig
into separate contigs (Chevreux et al., 2004). These settings are optimized for
the assembly of ESTs (“est” option of the MIRA assembler) and the separation
of transcript isoforms originating from different copies of homeologous or
paralogous genes in the wheat genome (Chevreux et al., 2004; Supplemental
Table S12). Since the average divergence of genes duplicated during wheat
polyploidization is about 2% to 4% in coding regions (Dvorak et al., 2006), we
would expect to have about 10 to 16 single-base substitutions per 500-bp read
that differentiate one wheat subgenome from another.

In order to infer the exon-intron structure of genes in the polyploid wheat
genome, we preselected homeolog-specific transcript assemblies, full-length
c¢DNA, and ESTs by aligning them against wheat contigs using BLAT (Kent,
2002). Transcripts showing sequence similarity greater than 98.5% and mini-
mum alignment length greater than 200 bp were used for further analysis.
These thresholds were chosen to preclude the misalignment of duplicated
genes to the wrong homeologous copy of a gene in the wheat genome. The
accuracy of genome assignment was based on counting the proportion of
mutations that differentiate 86 homeologous gene pairs identified in wheat
chromosomes 3A and 3B (see “Results”) and that are also found to correctly
match the respective genome in transcript/genomic sequence alignments. The
results of this analysis suggest that 92% of homeologous mutations can be
correctly assigned to a genome. Spliced alignments for gene prediction were
created using the GMAP program integrated into the PASA gene prediction
pipeline (http://pasa.sourceforge.net; Supplemental Table S20).

AS

Gene annotations produced by aligning homeolog-specific transcript as-
semblies against wheat genomic sequences were extracted from the PASA
database for estimating AS. Characterization of AS was performed separately
in three sets of genomic sequence data: contigs/scaffolds generated for chro-
mosome 3A in our study, contigs of chromosome 3B BAC clones generated by
Choulet et al. (2010), and contigs of BAC clones distributed across the wheat
genome (NCBI database; Supplemental Table S11).

AS was compared between homeologous copies of genes on wheat chro-
mosomes 3A and 3B by counting the number of shared and different AS
events, including skipped exons, retained introns, and alternative donor and
acceptor variants.

The second method for comparing AS is based on the approach suggested
by Wang and Brendel (2006). Briefly, conserved introns in orthologous sets of
genes between rice (Oryza sativa) and wheat were identified by matching all
rice introns and flanking 30-bp exons against wheat introns and flanking
exons with TBLASTX (E value < e™#), and only those hits that contained at
least 10 bp from both flanking exons were selected.

Rates of Molecular Evolution

The ORFs of orthologous sets of genes from rice, Brachypodium distachyon,
and wheat were aligned using the MUSCLE program (version 3.8.31; www.
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drive5.com/muscle/) to estimate rates of molecular evolution in coding se-
quences. Aligned ORFs were filtered to remove those that (1) were shorter
than 300 bp, (2) included gaps longer than 100 bp, or (3) included gaps cov-
ering more than 10% of alignment length. The rates of evolution were con-
trasted between the wheat and B. distachyon lineages using rice as an
outgroup. Both the B. distachyon and wheat lineages diverged from rice about
50 million years ago (Paterson et al., 2004). Two tests were applied to assess
the rate of codon evolution in the alignments. The first test was performed
using the yn00 program from the PAML package (version 4.4d; Yang, 2007)
with default parameters (icode = 0, weighting = 0, commonf3x4 = 0). The
program was used to estimate dy/dg ratios in wheat-rice and B. distachyon-rice
pairwise comparisons using the method of Yang and Nielsen (2000).

The relative rate test implemented in the HyPhy program (version
2.0020110606beta; www.hyphy.org; Pond et al., 2005) was applied to compare
the rates of codon evolution in the B. distachyon and wheat lineages using rice
as an outgroup and the following options: data type, codon; genetic code,
universal; outgroup, rice; standard model, GY94; model options, global. In this
test, the codon evolution model was used for modeling nucleotide substitution
rates (Goldman and Yang, 1994; Muse and Gaut, 1994). The model specifically
focuses on estimating two separate parameters for synonymous (a) and
nonsynonymous (B) substitution rates. The relative rate test allows for the
detection of significant changes in the relative rates of « and B by comparing
the two alternative codon evolution models using the likelihood ratio test:
model H;, assumes that the rates of codon evolution along the wheat (v1) and
B. distachyon (v2) lineages are equal (v1 = v2), and model H, assumes that the
rates of codon evolution along the wheat and B. distachyon lineages are dif-
ferent (vl # v2). A more detailed description of the relative rate test using the
codon evolution model can be found in Muse and Gaut (1994).

Evolution of Gene Structure

For this analysis, the alternative protein isoforms of B. distachyon and rice
were splice aligned against the genomic sequence of wheat, and the protein
isoforms of rice were aligned against the genomic sequence of B. distachyon.
Only those alignments that contained at least two exons were considered. We
used the average proportion of acquired, lost, and conserved exonic segments
relative to the total number of coding segments among all possible pairwise
comparisons between orthologs (Fig. 2A) as a measure of similarity between
gene structures of the compared genomes.

First, we compared the exon-intron structures of orthologous genes between
wheat and the two grass genomes, rice and B. distachyon. Three types of
evolutionary events resulting in exon-intron structural changes were recorded:
(1) loss of exonic segments; (2) acquisition of exonic segments; and (3) con-
servation of exonic segments (Fig. 3A). For this purpose, the protein isoforms
predicted in the model grass genomes were splice aligned with the wheat
contigs/scaffolds. The inferred exon-intron structure was compared with that
predicted by aligning wheat ESTs/cDNAs. Annotations of exon-intron
structure and corresponding coding sequences for the rice and B. distachyon
genomes were downloaded from public databases (www .brachypodium.org/
and rice.plantbiology.msu.edu). The translated sequences of all mRNA iso-
forms from syntenic regions of B. distachyon and rice genomes were splice
aligned against wheat genomic sequences using the GeneWise program
(www.ebi.ac.uk/Tools/Wise2) with optimized settings (-splice flat; -null flat;
-alg 2193; -both strands). The quality score of spliced alignments generated by
GeneWise was kept above 35, as recommended by the software developer.
The structures of orthologous genes in rice, B. distachyon, and wheat were
pairwise compared. Differences in exon-intron structure were referred to as
“coding segments.” Thus, each exon in our analysis was represented by a
combination of several coding segments. Coding segments that were present
in both compared species were referred to as constitutive coding segments,
and coding segments that were present in only one of the two compared
species were referred to as alternative coding segments. The proportion of
alternative and constitutive coding segments between compared genes, rela-
tive to the total number of coding segments, was calculated for each orthol-
ogous gene set. The proportion of alternative coding segments per gene was
averaged across all orthologous gene sets and used as the estimate of gene
structure conservation between the compared genomes. The description of
evolutionary changes in exon-intron structure used in this analysis is pre-
sented in Figure 2A.

Changes in gene structure were further characterized to understand the
molecular mechanisms involved in their origin. The sequences of newly ac-
quired exonic fragments in the wheat lineage were compared against the
databases of repetitive elements (Genetic Information Research Institute and
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Triticeae Repeat Sequence Database) and proteins (NCBI) using BLAST. For the
identification of retroposition events resulting from the insertion of reverse-
transcribed mRNA, the structures of genes in the wheat genome were com-
pared with that of the model genomes.

The distribution of the dy/dg ratio, premature termination codons, and LE/
AE events in the wheat lineage were plotted along chromosome 3A according to
the syntenic gene order. The dy/dg was calculated in a sliding window of five
genes for each pairwise comparison between wheat, rice, and B. distachyon. The
dy/ds ratio threshold for a window of five genes corresponds to the 95th per-
centile of the mean dy/dg ratio estimated for 100,000 sets of five genes, sampled
randomly with replacement from the entire data set.

Sequence data from this article can be found in the NCBI data libraries under
accession numbers SRA012746, SRA045666, SRA048705, and PRINA80879. Ac-
cession numbers of BAC clone sequences are JQ354542 to JQ354560. The contig
assemblies and alignments of orthologous genes are also available for
download from http://129.130.90.211/chr3A_data. Wheat transcriptome as-
semblies can be searched using BLAST at the wheat SNP project Web site
(http:/ /wheatgenomics.plantpath.ksu.edu/snp/).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Relationship between chromosome 3A contig
length and read coverage.

Supplemental Figure S2. Distribution of the number of alignment posi-
tions at each coverage depth (including the gaps at all positions) for
chromosome 3A assemblies.

Supplemental Figure S3. Coverage of the wheat chromosome 3A gene
space.

Supplemental Figure S4. Comparison of wheat chromosome 3A with the
B. distachyon genome.

Supplemental Figure S5. Comparison of wheat chromosome 3A with the
sorghum genome.

Supplemental Figure S6. Comparison of wheat chromosome 3A with the
rice genome.

Supplemental Figure S7. Comparison of gene order between a SNP map
of chromosome 3D and the SGO map of chromosome 3A.

Supplemental Figure S8. Intragenomic duplications in wheat.
Supplemental Figure S9. Examples of AS types.

Supplemental Figure S10. Functional classification of genes on the 3A
SGO map.

Supplemental Figure S11. Distribution of sequence similarity levels in the
coding regions of the wheat genome.

Supplemental Table S1. Summary of sequence data used in the assembly
of wheat chromosome 3A.
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of wheat chromosome 3A.

Supplemental Table S3. Comparison of chromosome 3A BAC clone se-
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assemblies.
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Supplemental Table S8. Chromosome 3A contigs and scaffolds ordered
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Plant Physiol. Vol. 161, 2013

Evolution of Genes in a Polyploid Genome

Supplemental Table S9. Interchromosomal duplications in the wheat
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Supplemental Table S12. The 454 transcriptome data generated for eight
wheat cultivars.
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Supplemental Table S14. Proportion of alternative and conserved coding
segments between wheat and the model genomes.
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verse transcription-PCR.
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